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Experiments were carried out on a scaled model of scramjet engine with gaseous hydrogen as a fuel in a 1 m 
combustion-driven shock tunnel. The simulated enthalpy was 2.6 MJ/kg, at a freestream Mach number of 6.8 with 
varying stagnation pressures (110-190 bar), dynamic pressures (72-130 kPa), and equivalence ratio (0.24-1.16). 
Detailed studies were carried out to tailor the shock tunnel. Experiments were carried out with air and N, as the test 
gases with hydrogen (H,) injection to bring out the difference between reactive and nonreactive cases. Pressure 
measurement along the centerline of the engine and heat flux (through temperature measurements) inside the 
combustor was carried. The occurrence of supersonic combustion was ascertained through pressure measurements 
where no upstream influence was seen ahead of the strut injector and the same was corroborated by heat flux 
measurements. The pressure rise due to supersonic combustion downstream of the fuel injection was nearly three 
times as compared with nonreactive case. For the current case, when the combustor inlet pressure (P,.) exceeds 1 bar, 
a sharp rise in the pressure signature was observed downstream of fuel injection, whereas no such marked trace was 
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seen when P, is below 1 bar. 


Nomenclature 
A = area of the injector, m* 
a = speed of sound, m/s 
Cg = coefficient of discharge 
Cp = coefficient of pressure (P — P,,/do) 
dy = hydraulic diameter 
H = enthalpy, J/height of the model, m 
h = specific enthalpy, J/kg 
L = length of the model, m 
M = Mach number 
M. = convective Mach number 
P = pressure, N/m? 
P-L = pressure length scale 
qd = dynamic pressure, Pa 
T = temperature, K 
t = time, s or ms 
U = velocity/speed, m/s 
W = width of the internal duct, mm 
x = axial distance along the engine from boundary-layer 
splitter 
a = thermal diffusivity (k/p CP)/angle of attack, deg 
Y = ratio of specific heats (C,,/C,) 
AQ = specific heat addition (J/kg) 
Nm = mixing efficiency 
p = density, kg/m? 
Subscripts 
a = air 
c = combustor 
f = fuel 
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i = ignition 

ij = fuel injection properties 

m = mixture 

r = chemical reaction 

Ss = conditions at surface/at stagnation point/primary 


shock wave 


p = equivalence ratio 

0 = stagnation conditions/initial conditions 

1 = initial condition in the driven portion of the shock tube 
2 = condition behind the shock wave 

3 = conditions behind the contact surface 

4 = conditions in the driver tube 

5 = properties in the reflected zone of shock tunnel 
co/inf = _ freestream conditions 


I. Introduction 


UPERSONIC combustion ramjet (scramjet) is being considered 

as a viable propulsion system for hypersonic vehicles such as 
missiles and transport passenger vehicles for long-range operation. 
Further, it is believed to be used as a low-cost access to space in the 
first stage of two space to orbit (TSTO) vehicles. However, the 
successfulness of these vehicles depends on the development of 
efficient propulsion system. As on today, the available propulsion 
system caters up to M = 5, where the turbojet plays a vital role in 
subsonic and moderate supersonic regimes. On the other hand, ramjet 
engine is the only solution for 3 <M <5. In both the cases, 
combustion occurs at subsonic Mach numbers, leads to considerable 
loss in total pressure, and increases the combustor inlet temperature. 
As aconsequence, the potential to add energy to the flow reduces and 
the propulsion system can no longer produce significant thrust [1,2]. 
Hence, to achieve hypersonic Mach numbers (M > 5), supersonic 
combustion ramjet technology is being developed, where the heat is 
added to the flow at supersonic Mach number, which in turn reduces 
the combustor inlet temperature so as to propel the vehicle up to 
M = 16. Though the scramjet technology is very attractive, its 
development mainly depends on efficient fuel-air mixing, ignition, 
flame holding, its stabilization, and stable combustion owing to 
millisecond residence time of the supersonic flow inside the 
combustor. 

Many works are carried out in the past to characterize efficient 
mixing schemes such as injection of fuel normal, oblique, or parallel 
to the mainstream [3-8]. Though normal injection provides efficient 
mixing and high level of penetration, the associated total pressure 
loss is more, which can be reduced substantially through oblique or 
parallel injection. Several devices are proposed for enhanced mixing 
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with reduced total pressure losses, such as ramp mixers [9-12], cavity 
[13-20], rearward facing step [21-24], pylon [25,26], and strut 
[27-30]. On the other hand, cavity can also be considered for ignition, 
flame holding, and stable combustion due to its long residence time 
and low drag penalty [31], operability range of ignition and blowout 
limits [32-34], and stable combustion [35-38]. Nevertheless, strut 
injectors are the most promising candidate because injection of fuel 
into the core of the main stream leads to rapid and uniform mixing, 
and its ability on flame holding due to the presence of re-circulation 
region at the base of the strut. 

To achieve supersonic combustion in a typical scramjet engine on 
ground-based facilities, it is essential to have efficient mixing schemes, 
thermal management including thermal choking, aerodynamic 
shaping to reduce the skin friction, and so on [2]. Because of high 
temperature and pressure, the energy required to duplicate the flight 
conditions on ground is enormous and is of the order of 100 MW /m? 
[39]. Hence, experiments are carried out in “connected pipe mode,” 
where a supersonic nozzle is used to deliver the required combustion 
chamber inlet conditions through vitiated air heater. Though this 
method gives the required conditions for combustor, the uncertainties 
associated with vitiated air, nonuniformity of the flow during intake, 
oncoming boundary-layer effect, and the consequence of turbulence 
need to be studied. These uncertainties can be evaded by direct 
integration of the supersonic combustor with nozzle, air intake, and 
isolator with air as a working medium. This is possible in impulse 
facilities like shock tunnels that can simultaneously generate the 
required high enthalpy and high pressure [39]. The flowfield inside a 
scramjet combustor is very complex due to shock-shock and shock 
wave—boundary layer interactions, turbulent mixing, high-temperature 
aerothermal chemistry, skin friction drag, and so on, and hence partial 
ground-based simulation facilities encounter many challenges to 
predict its performance [2]. Notwithstanding the above limitations, 
ground test facilities such as shock tunnel play a major role to 
characterize the flowfield inside the scramjet combustors. Considering 
the uncertainties involved in the prediction of scramjet flow features, 
many countries have resorted to small-scale experimental facilities to 
demonstrate scramjet technology for validating the ground prediction 
tools. Some of the programs to demonstrate scramjet technology 
include Kholod of Russia; SCRAM, X43, and X51 of USA; and 
Hyshot and Scram Space experiments by Australia [40]. However, 
very limited literature is available on supersonic combustion in a 
typical scramjet engine at high-enthalpy flows through shock tunnel 
testing [41-49]. 

Indian Space Research Organization (ISRO) is embarked upon the 
development of scramjet technology for low-cost access to space. 
Toward this, two scramjet engines (engine A and engine B) are 
attached at the rear portion of a two-stage sounding rocket. Gaseous 
hydrogen is injected into the combustor through two strut injectors 
spanning the height of the combustor. On August 28, 2016, at 
06:00 hr Indian Standard Time, the sounding rocket booster stage was 
ignited and the supersonic combustion was demonstrated. 

In this context, the present investigation is aimed to demonstrate 
the occurrence of supersonic combustion in shock tunnel on 
integrated air intake—isolator-combustor—nozzle configuration. The 
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studies include the tailoring of the shock tunnel, autoignition, and 
the demonstration of the supersonic combustion through pressure 
measurements and heat flux (through temperature) measurements. 


II. Experimental Details 
A. Combustion-Driven Shock Tunnel 


The experiments are carried out in | m (the maximum nozzle exit 
diameter that can be used is | m) combustion-driven shock tunnel 
(Fig. 1) at the Vikram Sarabhai Space Centre. The facility consists of 
a 4-m-long, 0.18-m-internal-diameter driver tube and a 18-m-long, 
0.18-m-internal-diameter driven tube. A total of 24 spark plugs are 
positioned in a double helix fashion in the driver section. Providing 
the spark plugs in helical fashion [50] ensures uniform spacing 
both radially and axially, which promotes deflagration mode of 
combustion. The detonation in shock tunnel occurs through DDT. 
When the mixture is ignited using a single spark plug and if the L/D 
is greater than 15, through DDT, detonation occurs. Providing sparks 
at uniform spacing avoids DDT and ensures deflagration mode of 
combustion. All the spark plugs are ignited simultaneously to ensure 
deflagration mode of combustion. A 10° semidivergent conical 
nozzle having a nozzle exit diameter 0.65 m is used to generate a 
freestream Mach number of 6.8 + 0.15 in the test section. The tunnel 
is designed to generate a maximum enthalpy and a maximum 
stagnation pressure of 12 MJ/kg and 300 bar, respectively. 


B. Scramjet Engine Model and Its Scaling 


Scramjet air intake consists of two compression ramps with 10.5° 
angle followed by two expansion ramps, a cowl, isolator, combustor 
with two strut configurations having a blockage of 20%, and a single 
expansion ramp nozzle (SERN). The configuration of the scramjet 
engine is shown in Fig. 2. 

The primary objective of the test is to demonstrate the occurrence 
of autoignition and supersonic combustion inside the scramjet on the 
ground. As the runtime in the shock tunnel is ~3 ms, the model 
scaling should be in such a way to establish the steady flow, mixing, 
ignition, and combustion within this time period. The time required to 
establish an attached boundary layer over the model [39,51] is given 
in Eq. (1). 


t= (1) 


Similarly, the time required for ignition and hydrogen (H2) 
reaction [52] is given in Eq. (2): 


8x 10-9 9600/T 
— “eS (2) 


where P and T are the local pressure and temperature, while the 
mixture temperature (7’,,) of air and hydrogen is related in Eq. (3): 


0.327p 


(Paes 
m "4 T 40.3276 


(Tq = Ty) (3) 
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Fig. 1 Schematic of combustion-driven shock tunnel. 
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Fig. 2 Details of the scramjet engine. 


Fig. 3 Model in the test section. 


The reaction time [53] is given in Eq. (4): 


~1.12T/1000 


t, = 1.05 x 10~e pu 


(4) 


The total time for 95% energy release in a constant pressure H,-air 
reaction is given by the sum of Eqs. (2) and (4). For an estimated 
combustion chamber inlet temperature of 1100 K and a 
precombustion pressure of 1 bar, the time required for ignition and 
energy release is ~400 ys. By assuming the freestream velocity of 
2000 m/s for a model of 800 mm length, the time to establish a 
developed flow with attached boundary layer along the model is 
1.3 ms [from Eq. (1)]. Thus the total time required to establish the 
steady flow and combustion is 1.7 ms. Considering the uncertainties 
in the estimation of runtime, a conservative model scale of 1:3 
(ength ~ 800 mm) is chosen and realized. The model is constructed 
in a modular fashion and is made of stainless steel. The model 
consists of two side fences, a top plate with cowl, flow duct, fuel 
injection struts, and a bottom plate. Assembly is made by fastening all 
the parts using M8, 12.9-grade fasteners, and in the assembled 
condition the dimensions are checked and assembly integrity is 
ensured. A photograph of the realized model is shown in Fig. 3. 


C. Sensor Locations and Instrumentation 

Pressures along the centerline (Fig. 4) of the model at 10 different 
axial locations are measured using PCB-make piezoelectric pressure 
transducers (model no: 113B22). The sensor locations are presented 


in Table 1. The transducers are recess mounted in a cavity of 
g2 mm xX 2 mm (depth) to protect the transducer surface from 
excessive heat as well as to ensure that the transducers are not 
protruding into the flow. Heat flux distribution through temperature 
measurements inside the combustor is done by five numbers of 
in-house developed E-type co-axial thermocouples with a response 
time of 2-3 ys [54]. The high-speed data acquisition system consists 
of National Instruments—based cards for acquiring and storing the 
pressure and temperature signals. A total of 48 high-speed channels 
are available for acquiring the test data. Out of 48 channels, 16 
channels are used for measuring various parameters (shock speed, 
P,, Px, P4, Ps, Po, etc.) related to shock tunnel and remaining 32 
channels are dedicated for model-associated parameters. To match 
the analog to digital convert (ADC) card input range, appropriate 
gains are used and the signals are passed through a Dewetron-make 
signal conditioner to filter out high-frequency noise. The data are 
digitized using a 14-bit ADC card stored in the local controller. 


D. Simulation Parameters 


Apart from Mach number, Reynolds number, and geometry, the 
important parameters to be simulated for supersonic combustion in 
impulse facilities are the total enthalpy, the Damkohler numbers, and 
the wall temperature ratio [49]. Damkohler first and second number 
simulations ensure that the time scales of reaction and heat added are 
same between ground facilities and flight. In impulse facilities, 
the run time is of the order of few milliseconds and scaled-down 
models are used; it is necessary to use pressure-length (P-L) scaling 
parameter to establish Damkohler first number. This scaling 
parameter is valid for scaled-down models [39,52] where binary 
reactions are involved throughout the flowfield and combustion is 
mixing dominated [49]. The shock tunnel experiments are carried out 
at a total enthalpy of 2.6 MJ/kg (to produce intended run time in 
tunnel). The simulation parameters are presented in Table 2. 


E. Freestream Conditions for Scramjet Experiments 

The tests are carried out in tailored mode ata stagnation enthalpy of 
2.6 MJ/kg with varying primary diaphragms burst pressures (150, 
200, and 250 bar) to achieve different tunnel stagnation pressures 
(110-190 bar). The measured tunnel stagnation conditions and 
the calculated freestream conditions are presented in Table 3. The 
stagnant flow expands through a conical nozzle of semidivergent 
angle of 10° with a throat diameter of 60 mm and an exit diameter of 
650 mm. Because the test section Mach number is different from that 
of the flight, the model is fixed at an angle of 3.5° to mimic flight 
condition. The hydrogen fuel is injected at choked (M = 1) condition 
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Fig. 4 Details of the sensor locations. 
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with different stagnation pressures (Po,;) varying 7 to 42 bar to get the 
required equivalence ratio (ER), while the stagnation temperature 
(To;;) is maintained at ambient (~300 K) condition. 


F. Hydrogen Fuel Injection for Supersonic Combustion 


Fuel injection struts A and B are used to supply gaseous H, at room 
temperature (~300 K). Each individual strut is calibrated with H, gas 
for different C;A values. The experimental setup consists of a 
pressure source, a pressure-regulating valve, a mass flow meter, and a 
GP50-make steady pressure transducer to measure the injection 
pressure. A 2-way pilot-operated, normally closed, explosion-proof 
solenoid valve with a maximum operating pressure of 350 bar along 
with 8 mm orifice diameter is used to inject the gaseous H). To avoid 
corruption of the signals, the solenoid valve is kept outside the test 
section. The gaseous H; is supplied from a bank of five commercial- 
grade hydrogen cylinders to maintain constancy of pressure and 
temperature during a maximum blow down time of 300 ms. Because 
of very short runtime, the gas cylinders are charged to the 
predetermined injection pressure accounting for losses and are 
operated in a blow down mode. Trial experiments are carried out to 
study the pressure losses in the fuel injection line and response/ 


Table1 Pressure and thermocouple locations on the model 
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Fig. 5 Response time for various injection pressures. 


settling time for various injection pressures (Fig. 5). At t = 20 ms, 
command is given to open the solenoid valve. The trial test indicates 
that nearly 40-50 ms time is required for the pressure to reach steady 
value and the pressure loss is different for strut A and strut B (~4bar 
max). Based on the measured injection pressure and the mass 
flow rate, C,A values for strut A and B are 5.36 x 10-° mm? and 
4.89 x 10-° mm*, respectively. In the actual tests, for different 
injection pressures, the calibrated value of C,A is used to calculate Hy 
mass flow rate and ER computation. 


G. Experimental Procedure 


In actual experiments, the command is given to open the H, solenoid 
valve 50 ms before the ignition of combustion driver and the DAQ 
(Fig. 6) for synchronizing the freestream and the H, injection. Because 
the test section volume is very large (~25 m?) and is evacuated to 
~1 Pa level before the test, H, injection before the test with the mass 
flow rate of 30 g/s has negligible influence on back pressure rise as 
well as the test results. However, the ratio of fuel injection pressure 
(Po;;) and freestream pressure (P,,) plays an important role in mixing. 


H. Tailoring the Shock Tunnel 


In shock tunnels, the duration of steady test time depends on the 
arrival of expansion waves/shock wave due to the interaction of the 
reflected shock with the contact surface or the arrival of the reflected 
expansion fans from the driver to the reflected zone. To avoid the 
reflected waves, the acoustic impedance (pa) across the contact 
surface needs to be matched. In this process, a Mach wave will be 
generated owing to the interaction of reflected shock with the contact 
surface, which ensures uniform flow conditions in the reflected zone. 
Further to simulate the P-L scaling, a stagnation pressure of >200 bar 
is required. This necessitates the primary diaphragm burst pressure to 


Table3 Freestream conditions for scramjet tests 


Sensor 
locations Sensor locations 
Sensor, S X/H Y/H Sensor, TC X/H Y/H 
Sl 12.2 0 TCl 6.2 0 
$2 17.3 0 TC2 26.2 —1.75H 
$3 19.1 0 TC3 27.3 —1.75H 
S4 20.4 0 TC4 27.3 1.75H 
S5 23.0 0 TCS 29:5 —1.75H 
S6 25.5 0 TC6 30.8 1.75H 
S7 26.1 0 TC7 31.3 —1.75H 
S8 26.6 0 
S9 27.7 0 
$10 29.3 0 
S11 31.3 0 
$12 3335 0 
S, pressure sensor; TC, thermocouple. 
Table 2 Simulation parameters 
Parameter Model 
Mach number (M) 6.8 
Total pressure (Po) 110-190 bar 
Freestream static pressure (P,,) 2.2-4.5 kPa 
Total enthalpy (Ho) ~2.6 MJ/kg 
Freestream static temperature (T',,) 250 K 
Angle of attack —3.5° 
Fuel Hydrogen 
ER 0, 0.24, 0.34, 0.42, 0.63, 0.75, 1.16 
Run No. P,,bar P,,mbar Us,m/s Ps,bar hs, MJ/kg 
542 277 1218 1530 166 2.7 
543° 250 1190 1668 155 2.92 
544 250 1210 1562 150 2.68 
545 200 900 1620 111 2.79 
546° 55 510 1252 37 1.84 
550° 250 1200 1644 177 2.98 
551 300 1600 1520 190 2.58 
552 220 1250 1498 140 2.49 
556 250 1575 1421 170 2.34 


*No reaction. 
‘No injection. 
°No combustion. 


Po, bar P.,bar ER  P,,kPa T,,K U,,m/s po, kg/m 
2.172 1.6 0.42 3:53 261.5 2207 4.7E — 02 
2.15 1.5 N2/H2 3.66 293.8 2292 4.3e — 02 
1.78 1.5 0.24 2.76 249.2 2206 3.7e — 02 
1.26 1 0.32 1.91 253.8 2250 2.6e — 02 
0.53 0.28 0.00 0.85 174.5 1822 1.7e-—2 
2.22 1.4 0.53 3.59 288 2320 4.4e — 02 
2.45 1.5 0.63 3.94 247.6 2157 5.6e — 02 
1.86 1.25 0.75 3.10 240.7 2122 4.4e — 02 
2.21 1.5 1.16 3.55 223.4 2055 5.5e — 02 
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Fig. 6 Operation sequence of H, injection and the freestream. 


140 


120 


100 


80 


60 


Pressure (P4) in bar 


20 


100 120 140 160 180 200 220 240 260 280 
Time in ms 
Fig. 7 Pressure history inside the combustion driver tube for constant 
volume. 


be in excess of 250 bar. Thus, apart from generating adequate 
runtime, the goal of the tailoring is to get a postcombustion pressure 
around 300 bar in the combustion driver so as to produce the required 
Ps. Tailoring of the shock tunnel is achieved by diluting the 
stoichiometric mixture of oxygen and hydrogen with diluents such as 
helium (He), argon (Ar), and nitrogen (N,) in different volumetric 
proportions. This is done in the present studies in which the driver 
section is filled with gas mixture along with the diluents and ignited 
simultaneously. To measure the postcombustion speed of sound (a4), 
the primary diaphragm is not allowed to rupture so that the 
combustion occurs at constant volume. As a result, a sudden pressure 
rise occurs, which leads to the formation of a standing pressure wave 
in the driver section, which is measured by a PCB pressure sensor. 
The pressure history of a typical gas mixture ratio of 1.1:2:9 (oxygen: 
hydrogen:argon [O,:H,:Ar]) presented in Fig. 7 shows cyclic 
oscillations (frequency of oscillation is 114 Hz) after reaching the 
maximum value. It is assumed that the pressure wave is stationary 
with its fundamental tone. The fast Fourier transform (FFT) of the 
pressure signal presented in Fig. 8 shows that the fundamental 
mode (114 Hz) is dominant. The two closed ends of the driver 
section become the nodes for the standing wave, and half of the 
wavelength of the wave is equal to the length of the tube. In this 
way ag is calculated for all the gas mixtures and are presented in 
Table 4. 
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Fig. 8 EFT of the pressure signal. 
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The first gas mixture (case A in Table 4) is tested with argon 
dilution in the stoichiometric mixture of hydrogen and oxygen for 
two diaphragm pressures (150 and 200 bar). Argon is added in the 
mixture to reduce postcombustion speed of sound (a4), whereas 10% 
more oxygen is added to ensure complete combustion of hydrogen to 
avoid interface combustion at the contact surface [55]. Though 
case A (150 bar) is found to be suitable in terms of a4 and runtime 
(~3 ms), it produces lower value of Ps (Fig. 9) due to the attenuation 
of shock speed during the test owing to higher molecular weight of 
the driver gas. For higher diaphragm pressures (200 bar), the 
attenuation of shock speed further increases and the runtime is not 
sufficient. This is valid for the cases B and C. Hence, N) gas dilution 
(case D in Table 4) is used to get the run time of 3 ms. However, at 
higher loading pressures, the combustion takes long time and in many 
tests the combustion is not repeatable. 

Hence, a new mixture (cases E and F in Table 4) of He and Ar is 
tested for combustion at higher loading pressures to get a, of 
~1000 m/s. The new mixture (case E) takes more than 500 ms for a 
loading pressure of ~30 bar, whereas for case H it is ~150 ms for 
~40 bar loading pressure. Since the rise in time is large due to heat 
loss (to the walls of the combustion driver), intended pressure jump 
could not be achieved. The reason could be higher dilution of the 
gases. Hence, the ratio of diluents is reduced to 9 parts (case G, 
Table 4) with He and Ar in the volumetric ratio of 5 and 4, 
respectively. As a result, higher a, (~1120 m/s) in the driver is 
achieved but the mixture is combusting for filling pressure up to ~45 
bar and produces a postcombustion pressure of ~300 bar (Fig. 10). 
Though the goal of tailoring is to get an enthalpy of ~1.7 MJ/kg for 
Ps of ~200 bars, the same could not be achieved with the cases A-F 
and hence the mixture case G is selected, which can produce a 
runtime >3 ms and a P; of ~200 bars. Because the mixture case G 
has a high postcombustion speed of sound (a4), the tunnel could be 
tailored only at a high enthalpy of ~2.6 MJ/kg. A typical Ps traces 
for mixture case I depicting the run time >3 ms for various 
diaphragm pressures are shown in Fig. 11. 


Table 4 Gas mixture ratios 
(volumetric) for tunnel tailoring 


Case O, Hy, He Ar Np» ay4,m/s 
A Lt 2 9 880 
B 11. 2 10 840 
Cc 1.1 2 7 888 
D i 2 5 1000 
E ii 2 7 6 1000 
F Li 2 6 S) 1080 
G 1.1 2 5 4 1120 
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Fig.9 Pressure traces in the driver tube and reflected zone (case A of Table 4). 
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Fig. 10 Pressure trace in the driver tube for helium-argon mixture 
(case G, Table 4). 
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Fig. 11 Typical P; trace for the scramjet experiments. 


Ill. Results and Discussion 


Shock tunnel tests are carried out for the three conditions, namely, 
tests with primary air alone (Case H, Run No. 546), tests with N> as 
the primary flow with H, injection (case I, Run No. 543), and tests 


with air as primary flow at different dynamic pressures with H, 
injection (case J, Run No. 542) for various ER. To ascertain the 
occurrence of supersonic combustion, pressure measurement along 
the centerline of the model is compared for the test cases H, I, and J in 
Table 5. 

The nondimensional pressure distribution for cases H, I, and J 
matches till the fuel injection strut for all the three cases. On the other 
hand, a small pressure rise due to secondary gas injection is seen 
behind the strut for case I, and approximately three times pressure rise 
due to combustion for case J is observed. The absence of upstream 
interaction and large pressure rise after the strut for case J confirms 
the occurrence of supersonic combustion. Heat flux measurements in 
the combustor are also carried out to complement the pressure data 
(Fig. 12). The heat flux (Fig. 13) is highest at all locations for case J as 
compared with cases H and I, thus corroborating the pressure 
measurements and confirming the occurrence of supersonic 
combustion. The present measurements are in line with the heat 
flux measurement reported in the literature [40,56], where the d ratio 
of heat flux for fuel-on (reacting) and fuel-off condition is observed to 
be ~2 times. 


A. Ignition and Mixing Delay 

A typical pressure trace at x/H = 26.1 just behind the strut is 
shown in Fig. 14 for both with and without combustion. It can 
be observed that nearly 0.6 ms is required for the flow to 
stabilize and further ~0.4 ms is taken for the combustion to 
occur; that is, mixing plus ignition delay time combined is 
~1.1 ms. However, on the other hand, additionally 0.6 ms is 
needed to raise pressure to the maximum value. Here it can be 
observed that the total rise time for pressure due to combustion 
is ~1.7 ms, which is in line with the empirical value as 
discussed earlier. 


B. Effect of Equivalence Ratio (ER) 

The ER is varied from 0.24 to 1.16 by changing the fuel injection 
pressure (Po;;) and freestream conditions. Nondimensional pressure 
(C,,) distribution along the centerline of the engine is plotted and 
compared for different ERs in Fig. 15. The location of first pressure 


Table 5 Test conditions to confirm the occurrence of supersonic 
combustion 


Run No. Test gas Ps, bar Hydrogen, g/s_ Enthalpy, MJ/kg Remark 


546 Air 37 No injection 1.80 Case H 
543 N) 155 9.73 2.92 Case I 


542 Air 166 8.72 2.70 Case J 
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sensor after the fuel injection point, that is, end of strut, is x/H = 
25.5 and designated as sensor S6 as shown in Fig. 5 and Table 1. 
When ER is increased, as anticipated, rise in pressure (AP) due to 
combustion increases and a maximum C,, of 3.2 is observed. For ER 
of 0.24, noticeable rise in pressure could be observed only at the S8 
pressure sensor located after the strut end, whereas for ER of 0.34 the 
pressure rise could be observed from the sensor S7 onward, whereas 
for ER of 0.41 and above, the ignition starts occurring immediately 
from the sensor S6 after the strut. This could mean that the ignition 
delay and mixing length are more for low ER. An approximate 
expression for combustion pressure rise is given by Eq. (5) [3]. 


Po 1+(7-1)AQ 
P, a (5) 

With AQ = 3.5 MJ/kg, y = 1.3, and a precombustion temper- 
ature of 1100 K, P,./P, is 3.55 and the same is also observed from the 
present experiments. Results further indicate that up to an ER 1.16, no 
upstream interaction is present and the combustion occurs at 
supersonic mode. The normalized heat flux measurements also 
corroborated the occurrence of combustion. As expected with the 
increase in ER, the heat flux also increases (Fig. 15). 


C. Effect of Combustor Inlet Static Pressure (P,) 


It is observed that when the static pressure in the combustion 
chamber is less than | bar, pressure rise is not observed close to the 
strut injection location irrespective of the ER. Rather, it occurs 
beyond X/H of 27.7 (sensor S9) as shown in Fig. 16. This is also 
evident from heat flux measurement where the rise in heat flux is seen 
at this point. The obtained results are in line with the literature 
[40,57]. In this, when combustion chamber inlet pressure is 1.3 bar, 
immediate rise in the pressure is seen just downstream of the fuel 
injection location due to combustion. On the other hand, for P,. of 
0.57 bar the rise in pressure is observed at ~100 mm downstream of 
the fuel injection location due to combustion. 

The empirical formula for mixing length for struts in supersonic 
flow is given in Eqs. (6) and (7) [58]. 


= * 0.5 
— (Us —Ug) Ln K {acest 6) 


‘ (ay a aq) dy f(M.) Pe 


f(M,) = 0.25 + 0.75(e3)n,, = a(1— e- 9") (7) 


where a = 1.06492, k = 3.69639, K* = 390, and d = 0.80586 are 
constants, and 77,,, M,., and d, are the mixing efficiency, the 
convective Mach number, and the hydraulic diameter, respectively. 
From the above model, it can be observed that reducing the 
momentum of the air leads to large mixing length, which in turn leads 
to increase the pressure due to combustion as observed in the 
experiments. Further, it is reported that at lower combustor static 
pressures, H, and O, reaction produces OH™ and H’* in the first step 
and recombination to produce H,O happens slowly and further 
downstream of the strut, whereas at higher combustor inlet static 
pressures, the recombination happens quickly and H,O conversion 
happens immediately downstream of the strut [53], which may also 
be a cause for this behavior. Table 6 summarizes the combustion 
chamber inlet pressure. 


D. Effect of Runtime 


In the present series of tests the enthalpy is varied from 1.7 to 
2.6 MJ/kg. When the tests are carried at low enthalpy (1.7 MJ/kg), 
supersonic combustion is not achieved. This is probably due to lower 
runtime in the facility. Hence, to ensure proper runtime, tests are 
carried out at 2.6 MJ/kg and the results show the supersonic 
combustion. Therefore it is essential that when carrying out tests at 
lower enthalpy like 1.7 MJ/kg, a driver gas that can produce a 
minimum runtime of 4—5 ms is preferable. 
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Fig. 16 Effect of combustion chamber inlet pressure on Cp and heat flux. 


E. Measurement Uncertainty - ; 
1. Error in the Estimation of ER © q=98 kPa, ER =0.75 

Based on the CA values, error in the estimation of ER is +2%. qF 130 kPa, ER=07 
The error in the pressure values measured by PCB sensor is +1%, : 
while the error in the estimation of percentage of the captured mass 
flow rate by the engine is +5%. Therefore the overall error in the 
estimation of the ER is calculated to be 5.5% (20). 


2. Error in Pressure and Heat Flux Measurement 


To demonstrate the repeatability of the data, two tests are carried 
out for similar ER and presented in Fig. 17. From the figure, it can be 
observed that the repeatability is very good and the data match within 
1%. As the repeatability alone is not a measure of uncertainty, errors 
associated with P,, T;, Pz), U,, P, and Po, measurements are 
calculated using the method of propagation of errors. Based on 
methodology [56], typical uncertainty in C, measurement is 
estimated to be +12%, whereas for heat flux it is +15%. 


Table 6 Effect of combustion chamber inlet pressure Fig. 17 Repeatability of test data. 
Run P;/P., Enthalpy, 
No. bar ER MJ/kg Remark IV. Conclusions 
222 ee oe 20 Combustion Experiments are carried out in the shock tunnel to demonstrate 
553 120/ 0.79 2.43 Coibasiion wnt eaptirediby autoignition and supersonic combustion in a scramjet engine. 
0.95 pressure measurements Extensive studies are carried out to tailor the shock tunnel to cater for 


the flight enthalpy. In this, by diluting the stoichiometric mixture of 
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oxygen and hydrogen with diluents such as He, Ar, and N> in 
different volumetric proportions in the driver section, tailoring of the 
tunnel is achieved. Also, the flow establishment time of 0.6 ms and 
the combined flow establishment, mixing, and ignition delay time of 
1.1 ms in the tunnel are demonstrated since the tunnel run time is of 
the order of 3 ms. The occurrence of the supersonic combustion 
for different equivalence ratio (ER) is studied through pressure and 
temperature measurements. The supersonic combustion is confirmed 
through no upstream influence ahead of the injection points through 
pressure measurements, which are corroborated through heat flux 
derived from the temperature measurements. For ER between 0.72 to 
1.16, the peak pressure due to supersonic combustion is found to be 
3-4 times the nonreactive case. On the other hand, once the 
combustion chamber entry pressure (P,.) is reduced below 1 bar it 
leads to an increase in the mixing length, which in turn shifts the peak 
pressure due to the occurrence of combustion much downstream of 
the strut. 
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